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Abstract

This paper reviews the literature of

in-space cryogenic transfer to propose trans-

portation system concepts to support the

Space Exploration Initiative (SEI). Forty-
nine references are listed and key findings are

synopsized. An assessment of the current

maturity of cryogenic transfer system technol-

ogy is made. Although the settled transfer

technique is the most mature technology, the

No-Vent Fill process transfers are the most

promising and No-Vent Fill technology is

maturing rapidly. Future options for develop-
ment of cryogenic transfer technology are also
discussed.

Introduction

As NASA prepares for a return to the

Moon and a Mars landing, it has requested

technologies which will enable the perform-

ance of these missions efficiently. The

transferring of cryogens in the low-gravity
environment of space is one of these technolo-

gies. Although the SEI baseline 1 lunar mis-

sion uses drop tanks for the main propellant

supplies, it contains two such transfers; one to

the Lunar Transfer Vehicle (LTV) core in
low-Earth orbit (LEO) and one to the reus-

able Lunar Excursion Vehicle (LEV) in low-

lunar orbit (LLO).

The filling of tanks with cryogens in low

gravity poses several technical challenges.

Chief among these are the high vapor genera-
tion rates due to the residual thermal energy

stored in cryogenic tank walls, the uncertainty
of liquid and vapor distributions in a tank in

low gravity, and the need to keep tank operat-

ing pressurelow to reduce tank mass. During

a fill in a normal gravity environment, a top

vent is kept open to vent the vapor generated

during the fill process, thereby maintaining a

low tank pressure. If the same approach is

used in a low gravity environment, the ullage
gas may not vent, since the position of the

vent opening relative to the ullage cannot be

predicted. Instead of venting vapor, large

amounts of liquid may be dumped overboard.

Unbalanced torques produced by venting two-

phase flow, may cause the spacecraft to tum-

ble out of control (this actually happened to

Atlas Centaur 4). 2 Several approaches exist

for solving these problems. The spacecraft

can be placed in an artificial gravity field by

continuous thruster firing to position the

ullage at a vent opening, or the liquid may be

injected slowly enough that it pools near the

inlet. This pooling can be enhanced by baf-

fles and/or liquid acquisition devices. One of

the most promising approaches is the no-vent

fill technique. The no-vent fill method uses

tank chilldown, fluid mixing and spray injec-

tion to achieve a thermodynamic state in the
receiver tank which allows the tank to be

filled with liquid without recourse to venting.

All of these approaches to orbital cryogenic
fluid transfer have been under investigation by
NASA for some time.

Caveat

Although the author has made every

attempt to be comprehensive, the span of time

and breadth of the literature make complete

documentation impossible. Much of the

ground work for cryogenic transfer resides
internal to NASA and was prepared by work-

ers who due to advancing age, or changing

interest are no longer active in the field. If

experience acts as a guide, very few NASA
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contractsareawardedwithout substantial
in-housepreparationandtechnicalanalysis
and,just ascommonlythesein-houseanalyses
arenot reported. Perforcethe authorhas
beenforcedto rely mainlyon contractor
reports,NASATechnicalMemoranda,and
JournalArticles. Evensomeof these(espe-
cially contractorreports)hadsuchlimited
distribution that obtaininga copyof themhas
provedimpossible.The authoris always
interestedin newor rediscovereddocumenta-
tion, and wouldappreciateanyhelpin this
regard. Heapologizesto anywhosecontribu-
tionshavebeenomitted from this paper.

Review of the Literature

Concepts for missions involving orbital

fluid transfer can be found as early as the
3

planning stages of the Apollo program.

Unfortunately, this author has been unable to

locate any details of these missions.

One of the earliest detailed designs of

an orbital fluid transfer system is found in

Morgan, et al. 4 This study was in support of

post-Apollo, manned, interplanetary missions

and evaluated six tanker concepts. The small-

est tankers were designed for launch on a

Saturn V rocket; The largest tankers were for

a post-Saturn rocket 70 ft in diameter. All

tankers were self propelled using one or two

RL10 engines. The Morgan designs for LO 2

and LH 2 tankers were based on analysis of
the thermodynamics of the fill process. The

baseline transfer system used a 6-in. transfer
line with a 30-min transfer time. This

required a 117 lb//sec flow of LO 2 and

31.6 lb/sec flow of LH 2. An analysis of the
receiver tank (in this case a Saturn IIB stage)

was conducted for both venting and non-

vented transfer from a starting temperature of

400 R. Venting losses for the tank were

13 400 lb of LH 2 and 5620 lb of LO 2. The
no-vent fill analysis indicated that a 90 per-
cent fill could be obtained with a final tank

pressure of 25 psia for LO 2 and 53 psia for

LH2. One of the recommendations of this
report was to conduct a small scale orbital

cryogenic propellant transfer experiment.

Nein and Arnett 5 proposed to conduct

small scale experiments on boiling heat trans-

fer, cryogenic propellant transfer, and propel-

lant storage using a modified lunar excursion

module (LEM). The transfer experiment

planned to use two thin wall (0.03 in.), 3 ft by

6 ft tanks using LH2 as a test fluid. Both
vented and nonvented fills were to be con-

ducted with a series of inlet geometries, grav-

ity levels, and flow rates. A 350 R wall

temperature was selected to limit the expected

chilldown mass to 5 percent of the tank capac-

ity. Fredrickson and Schweikle, 6 as well as
Dean 7 refined the analyses of Nein and Arnett

and looked at design concepts that used,

respectively a manned Saturn V launch and a
unmanned Saturn IB launch. In order to

achieve the same overall objective but reduce
the cost, Fredrickson and Schweikle 8 proposed

a series of experiments with multiple expend-

able rockets and they changed the transfer

fluid to LO 2. This transfer experiment would
have required one Atlas and two Thor/Agena
Launches.

Fester, Page, and Bingham 9 demonstra-

ted 1-g nonvented fills experimentally with

LN 2 and LF 2 in conjunction with liquid fluo-
rine loading studies. Six tests were run with

LN 2 in a 30 gal tank. Parameters investi-
gated included helium concentration in the

ullage and fill rate. The starting pressure was

16 psia with a 4 psia partial pressure of
helium. All runs filled in excess of 90 percent,

although the fill pressures were as high as

110 psia. Following the nitrogen tests, nine

tests were run with LF 2 in a 165 gal tank.
Again parameters were helium concentration
and flow rate. Starting pressures were around

4 psia. Typical pressures at 95 percent full

were between 100 and 125 psia, although, the

run with no helium in the ullage filled at

14 psia. The reason given for the great differ-

ence was the ability of the incoming fluid to

condense rather than compress the ullage
when no helium was present. Both test tanks

used a liquid nitrogen bath for insulation so

the starting wall temperature was close to

140 °R. An analytical model was also

2



presented which correlated with the experi-

mental data fairly well.

Symons 1° along with Symons and

Staskus 11 studied the stability of liquid inflow

in 0-g by conducting a series of drop tower

tests. The tests used various room tempera-
ture liquids and clear tanks to observe the

behavior of liquid flowing into a tank. In

most tests a columnar geyser of liquid was

formed by the momentum of the incoming

flow. The crucial question for stability was

whether the geyser continued to grow in
height during the fill or if the surface tension

forces were sufficient to cause the geyser to

collapse back into the accumulating liquid.

Based on this criteria, a bounding Weber

number (ratio of momentum to surface ten-

sion forces) of 1.5 (using the radius of the jet
at the free surface as the characteristic dimen-

sion) was found to be the limit at which the

geyser remained stable. For most fluids, this

Weber number corres_.onds to a rather low
flow rate, so, Staskus 12 undertook to deter-

mine if stability could be improved by baf-
fling. The results indicated that for the best

baffling studied (a series of stacked disks over

the inlet and a ring baffle on the tank wall)
the stable Weber number was 12 times greater

than for the unbaffied case. Finally,
Spuckler 13 looked at the effect of accelerations

from 0.003 to 0.015 times the force of Earth

normal gravity (g) on the inflow process and

was able to correlate geyser height as a func-

tion of Weber and Bond Numbers (the Bond
number is the ratio of momentum to accelera-

tional forces).

Stark 14 studied resupply of cryogens for
life support and fuel cell reactants on an orbit-

ing space station. The baseline tank size was
42.5 ft 3. Subcritical transfer schemes were

compared to supercritical transfer and tank

changeout. The findings were that the sub-

critical transfer was the most promising
approach. A detailed analysis of tank chill-

down was conducted. Based on this study, it

was recommended that the hydrogen tanks be

prechilled prior to starting a no-vent transfer.
Findings indicated that a baseline size alumi-

num tank would require the ability to with-

stand a 107 psia pressure to no-vent fill

without prechill.

Sexton 15 presented a variety of tradeoffs

for providing propellant to space tugs and

larger vehicles that used the Space Shuttle to
carry a tanker set. The selected transfer sce-

nario used a 10 -4 g settling thrust during the

transfer. A transfer scheme was suggested

which pumped the receiver tank vent gas back

to the supply tank as pressurant. Since the
fluid would be settled, the phase separation

required for this method would be available.

The trades indicated that the chill/no-vent fill

approach also was feasible, however, the loss
of the chill fluid made it less efficient for the

system in this study.

After an extensive survey of the existing
literature, 16'17 Stark 18 formulated a transfer

system for support of a Shuttle-based space

tug using a low-gravity transfer. Thrust lev-
els ranged from 10-4 g that would be obtained

by thrusting to 10 -6 g from Shuttle drag.

Analysis of the unbaffied geyser height indi-
cate that, for reasonable inlet sizes, geyser

height exceeded tank length, and necessitated

the use of baffles, or no-vent transfer. The

selected approach was to use baffles and a

chilldown procedure to cool the tank wall to

near the saturation temperature, then fill it

without venting.

Heald, et al., 19 studied transfer systems

to support orbital transfer vehicles (OTV) and

a space station which would use tankers and

orbiting propellant depots. Vented transfer
after a vented chilldown is baselined even

though the gravity environment is less than

10-5 g. This work is noteworthy for the large

size of propellant tanks to be delivered to

orbit (960 000 lb of propellant within a 50-ft

diameter shroud).

Merino, Blatt, and Thies, 2° along with

Merino, Risberg, and Hill, 21 continued the

work of Refs. 13 and 17, respectively, devising

no-vent transfer schemes for the space tug and

its successor, the orbital transfer vehicle



(OTV), aswell as for Space Shuttle resupply.

The principle advancement of these works was

a transient analyses of the complete no-vent

fill process. These analyses reconfirmed the

difficulty of LH 2 transfer seen in the previous
equilibrium analyses. As a solution to the

problem of nonvented hydrogen transfer, a

chilldown procedure was proposed to reduce
the thermal energy from the tank walls; this

thermal energy must be absorbed in the

no-vent fill process. Once again in-space

experimentation was proposed in Drake,
et al. 22

Cady and MiyashirJ 3 analytically exam-

ined the filling of small tanks with screen

liquid acquisition devices. The baseline tank
was 22 ft °. The approach analyzed was a

vented fill assuming the screen acted as baffle
similar to those studied by Staskus. 11 The

baffled flow stability criteria led to a mini-
mum fill time of 10.6 hr even for this small

size tank. Ground and flight experiments

were proposed to further investigate the

approach.

In response to the need for in-space

experimentation NASA Lewis Research Cen-
ter added transfer experiments to its already

planned cryogenic fluid management experi-

ment (CFME) studying storage and acquisi-
tion. 24 Two studies were carried to the

preliminary design level 25'26 on this program,

now called the Cryogenic Fluid Management

Facility (CFMF). Both of these, constrained
by the 22 ft 3 volume of the CFME, proposed

using multiple flights with a small scale tank

for transfer and a larger tank to study chill-
down phenomena. One study was selected to

be carried forward to the critical design stage.

The explosion of the Space Shuttle Challenger
led to the cancellation of the project prior to

reaching the critical design review (CDR)

(increasing concerns about safety, led to the

assessment that manifesting a safe liquid

hydrogen experiment on the Space Shuttle

would be extremely expensive). In this time

frame, a conceptual study was also conducted

for a lar_er experiment mounted on the Space
Station. The majority of the study was

devoted to storage experiments. The transfer

experiment objectives of this study were the

same as the CFMF, but the greater space
available allowed for use of a 45 ft 3 receiver

tank.

During this time period, NASA was also

studying ways residual propellant in the Shut-

tle external tank (ET) could be used to sup-

port OTV operations. The typical external
tank has on the order of 15 000 lb propellant

remaining when it is jettisoned into the Indian

Ocean. Scavenging studies looked at recover-

ing the propellant by transferring it into stor-

age tanks in the payload bay, or a add-on
carrier in back of the ET. The most attrac-

tive approach would be to use a 10 "4 g settling

maneuver to affect a rapid transfer from the

ET to the storage tanks. Even though the

propellant would be settled, Stefan 2s and
Gilmore 29 baselined no-vent transfers.

No-vent transfer appears as a option in the
follow-on work at Rockwell. a° To study the

thermodynamics of scavenging (including

no-vent transfer), an analytical model was
developed in Louie, Kemp, and Daney. 31

Implicit in all the scavenging studies is
some form of storage depot. Fester, et al., 32

examines how a tether might be used to settle

propellent in a depot attached to the Space
Station. Although vented transfer is base-

lined, further study is recommend due to the
uncertain ability of the 10-5 to 10-4 g of the

tether system to maintain liquid-vapor separa-
tion without excessive transfer times.

Another depot concept study of interest
is Liggett, et al. 33 This study looked at tanks
in the 100 000 to 200 000 lb total mass class.

Initially, this study looked at systems which

could be carried on a up-rated shuttle (capa-

ble of lifting 100 000 lb) to support orbit

transfer vehicles. Later, it extended the

depot concept to support Lunar and Mars

missions, as well as, examining wet-launch

and dry-launch depot systems. No-vent

transfer was baselined for all these depots.
Liggett, et al., 34 a follow-on effort to the

depot study, is of interest for the release of a



revised version of the analysis code of Refs. 18
and 19 into the public domain.

After the termination of the CFMF pro-

ject, NASA Lewis undertook the development

of in-house models of the chill and fill process.

DeFelice and Aydelott 3s undertook a detailed

investigation of the chill process. A scaling

relation was developed for modeling low mass-

to-volume tankage (such as an OTV) with

higher mass-to-volume tanks (such as the

CFMF tankage). A procedure was established

for calculating a %arget _ temperature for the
high mass-to-volume tank which would have

equivalent stored energy (and hence similar

chilldown performance on a thermodynamic

basis) to a higher temperature low mass-to-

volume ratio tank. Prototype-to-model flow
rate scaling correlations were developed based

on the assumption that the liquid-vapor heat

flux was constant. Also explored was the

effect of venting chilldown gas in stages rather
than all at once.

Chato 36 undertook to develop a transient

model of the no-vent fill process. The no-vent

fill was divided into two stages; first, a flash-

ing stage where the tank wall is still cooling,

and then a condensation stage where the tank

wall is cold and the predominant problem is

condensation of the vapor generated in the

first stage. A parametric study was con-

ducted of a 1500 ft 3 tank typical of OTV LH 2
tanks. Parameters investigated included the
initial wall temperature, liquid inflow rate,

liquid inflow temperature, and a range of
assumed heat transfer coefficients for liquid-

vapor heat transport. The parameters of

most importance appeared to be the liquid

inflow temperature and the liquid-vapor heat
transport coefficients.

Without experimental data, assessment

of model performance proved impossible.
NASA Lewis undertook an effort to obtain

experimental data on the no-vent fill process

for ground-based configurations. A small rig
with interchangeable 5 and 1.2 ft 3 test tanks

was assembled at the NASA Lewis Cryogenic

Components Laboratory to examine the feasi-

bility of the no-vent fill process and parame-

trically investigate the effect of tank size, test

fluids, inlet flow rates, and tank wall teml_era-
tures. Results of the testing with the 5 ft °

tank were reported in Moran, Nyland, and

Papell; 37 and were compared to an improved

analytical model in Chato, Moran, and
Nyland. 38 Results of the 1.2 ft 3 test

were summarized in Moran, Nyland, and
Driscoll. 39 Taylor and Chato 4° conducted a

comparison of these tests to a further refined
model along with a reassessment of the 5 ft 3

tank modeling. A large number of no-vent

fills were conducted; most of them were suc-

cessful. The principle reasons for failure was

starting with the tank too warm, followed by

loss of inflow subcooling at low transfer rates.

To obtain results more characteristic of

flightweight tanks, a more limited test series

was designed for a 175 ft 3 tank. 41 These tests
were conducted at the NASA Plum Brook

Station K-Site vacuum chamber. Design of

the tests and analytical predictions for perfor-

mance can be found in Chato. 42 Two spray

systems were designed to try to bound the 0-g

performance of spray systems. The first sys-

tem was a single spray nozzle located near the

bottom of the tank which would submerge

quickly; this was representative of the worst

case performance, since the heat transport

would be force to rely on jet mixing. The

second system used an array of 13 nozzles
located at the top of the tank which did not

submerge until the very end of the fill; this

was representative of the best case due to the

high heat transfer available in spray condensa-

tion. Results of initial tests are reported in
Chato. 43 Nine tests were completed, six of

which filled in excess of 90 percent. Top and'

bottom spray performances were much closer

to each other than the analysis predicted.
The principle reasons for poor filling was a

high inlet liquid temperature caused by exces-
sive heat leak into the transfer line at low

flow rates.

Several other experimental efforts for

no-vent fill have been reported in recent years.

NASA's Marshall Space Flight Center



(MSFC)hasconducteda seriesof tests using
Freon 114 and converted water heater tanks

using a top pipe and a bottom side inlet. 44'4s

Both systems filled to fairly high levels;

although, the pressure rise for the bottom
inlet is considerably more rapid. Very

recently, Martin Marietta Corporation has

reported a series of tests on a 3 by 6 ft tank

with liquid hydrogen. 46 The findings of this

report, based on 14 tests, were that, although,

their existing fill/drain line could only fill to
around 70 percent, with the addition of an

axial spray, fillings nearing 100 percent could
be achieved.

In an effort to obtain 0-g data NASA

Lewis defined the Cryogenic On-Orbit Liquid

Depot Storage, and Transfer Satellite

(COLD-SAT). The three parallel contracted
efforts 47"49 that were conducted, detailed the

design and analysis of hardware to conduct
0-g experiments on chilldown, no-vent fill, and

low-gravity vented fill, as well as other tech-

nologies. Shifting funding priorities led to the
termination of this effort in 1990.

State of The Art

Settled Transfer

Settled transfer is perhaps the best

understood of the available processes. Exten-

sive drop tower work has clearly defined Bond

and Weber number requirements for inlet flow

rates which will produce stable interfaces.
Unfortunately, most system studies have
found that this inlet flow rate is too slow for

practical application at the 10 -4 g settling

rates optimum for liquid supply. Even with

this relatively mature technology, there is no

in-space testing or any tests with cryogenic

propellants. Tests have been limited to tanks
which are capable of significantly filling in

5 sec of 0-g. The largest tank tested was
under 6 in. in diameter.

No-Vent Fill

No-Vent Fill has been the preferred mode

for transfer since the early 1970's, due the

potential for high-rate transfers. Thermody-

namic analysis has indicated the feasibility of

No-vent fill for LO 2 for many years. LH 2
also can be transferred by the no-vent fill

method provided a chilldown stage is used to

remove some wall energy. Experimental work
has demonstrated the feasibility of no-vent fill

transfer, assuming inlets are used which pro-

vide adequate mixing in the accumulating

bulk liquid. Fairly fast transfer rates are

achievable and may even benefit the process

by increasing mixing and reducing residence
time in the transfer line, thereby reducing

performance requirements for transfer line
insulation. The chief remaining issue of

no-vent fill technology is how reduced gravity

will effect the mixing process. Reduced grav-

ity produces a drastic change in the fluid flow

patterns and interface location. Although the

1-g data intuitively seems to bound the prob-
lem, only low-gravity testing can prove this

conclusively.

Benefits of Transfer

The principle benefit of cryogenic trans-
fer would be to allow the reuse of hardware

already in orbit, thus reducing lift require-
ments for continuing missions. If a mission

used cryogenic transfer for all propellant

requirements, several additional benefits

would accrue to the mission designer in the
form of weight savings. Stages initially filled
on-orbit can eliminate much of the structural

mass required to support a tank in the 3- to

6-g launch environment. Foam and/or purge

systems required to maintain cryogens in

tankage on the launch pad could be eliminated

from the mission stage. Transfer allows for

the separation of storage and supply functions,
this would allow tanks on the mission vehicle

to be insulated only for the mission rather

than the months required to assemble a stage

on-orbit. Decoupling of space missions from

ground launch can be achieved by use of

transfer technology. This would allow estab-

lishment of a space-based servicing facility

capable of quick turnaround missions for res-

cue operations. The valving and hardware

requirements for implementing a cryogenic



transferarebelievedto besubstantiallysim-

pler and safer than drop tank design require-

ments (two 4 to 6-in. disconnects which can

be checked for leakage versus eight 17-in.

Shuttle-ET style valves which must seal

instantaneously when the pyrotechnic devices

fire to drop the tanks).

Recommendations

When considering high rate operations

between the Earth and the Moon or heavy lift

operations for manned Mars missions, liquid
transfer makes sense. Most of the SEI mission

vehicles are highly complex and will be assem-

bled with extensive extra-vehicular activity

(EVA). With this level of investment, reuse

makes sense. The only means of reusing pro-

pellant tanks (which are always a large part of

any space vehicle) without returning them to
the ground is to transfer propellant on-orbit.

Settled transfers though fairly well understood
tend to require excessive transfer times or

high thrust levels. Research in no-vent fill

transfers have matured this technology to the
point where it should be the recommended

approach.

Much remains to be done in no-vent fill

research. With the current knowledge, a

no-vent transfer system could be designed, but
the design would be very conservative; and a

flight test would probably be required to ver-

ify low-gravity performance. Work continues
at NASA Lewis to understand the no-vent fill

process. Currently planned testing includes

studying new inlet systems, acquiring data

with controlled inlet subcooling for a large size
(71 ft 3) tank, and assessing high rate transfers

(5000 lb/hr).

Work continues on the analytical model-

ing with an ultimate goal of a model which

both accurately predicts performance and is

conservative in nature (overpredicts rather

than underpredicts pressure rise). Cancella-
tion of the COLD-SAT experiment has left a

large gap in the area of low-gravity perfor-

mance data. Several approaches have been

formulated to try and recover and close this

gap. The furthest along is a liquid nitrogen

transfer experiment for the Space Shuttle.

Although LN 2 is not entirely satisfactory as a

simulant of LH2, its properties are quite close

to that of LO 2. Also in the formative stages

is a concept for a small scale LH 2 sounding
rocket experiment. Finally, NASA Lewis

efforts in the study of low-gravity fluid mixing
for pressure control, which include both ana-

lytical work and experiments in space shuttle

Get Away Special (GAS) cans, may provide

some insight into low gravity mixing heat

transfer during the fill process. As an alter-

native to no-vent fill, NASA Lewis, in con-

junction with Martin Marietta, has recently

initiated the design of a small-scale Shuttle

experiment to study the use of vane liquid
acquisition devices as baffles for vented
transfer.

NASA Lewis is currently working to

quantify the cost benefits to SEI missions of

low-gravity transfer. The analysis of benefits

are not straight forward, since an architecture

which uses tank-changeout and expendable

propellant tanks is quite different from one
where the tanks are reused. Initial estimates

are on the order of 10 to 15 billion dollars

over the baseline architecture for just the

Lunar mission. At this level of savings, even

a COLD-SAT-sized experiment would quickly
pay for itself.
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